IN A SKELETAL MUSCLE-TENDON unit (MTU), the tendinous structures are commonly composed of the aponeurosis and extramuscular free tendon. The aponeurosis broadly connects with muscle fascicles, while the extramuscular free tendon is serially connected to the aponeurosis without attachment to muscle fascicles. During an isometric contraction, the tendinous structures are elongated in the direction of the muscle line of action, i.e., in a longitudinal direction, by the contractile force (18, 26 -28) . Previous studies (26, 27) reported that the elastic strain of the aponeurotic component of the Achilles tendon was significantly smaller than that of the extramuscular free tendinous component during isometric plantar flexion. They estimated the elastic strain of the Achilles tendon by measuring the displacement of a landmark within the Achilles tendon. However, it remains unclear whether the unidirectional displacement of a single landmark reflects the deformation of the entire Achilles tendon.
The elastic strain of aponeurosis appears in both longitudinal and transverse directions (6, 25, 31, 34, 38) . The longitudinal strain is due to the contractile force in this direction (18, 26 -28) . In this situation, contracting muscle fascicles shorten their lengths and increase their cross-sectional areas while keeping their volumes, thereby increasing the aponeurosis width in the direction perpendicular to the line of action of the fascicles (7, 31, 34) . In fact, it has been shown that the amount of shortening of muscle fascicle corresponds to the expansion of aponeurosis in the transverse direction (31, 38) . Since fascicles within a muscle are not always oriented parallel to each other (1, 11, 17, 31, 35, 37) , it is likely that they produce nonuniform force distribution in multiple-directions within the muscle during contraction (14, 33) , thereby deforming the aponeurosis in multiple directions. On the other hand, the extramuscular free tendon has been considered to be elongated only in its longitudinal direction because it simply connects with the muscle belly and the bone and because collagen fascicles are mostly oriented in the longitudinal direction (5, 34) . However, given the continuity of the tendinous structures from the aponeurosis to the extramuscular free tendon, the regions near the boundary of the extramuscular free tendon might also be stretched transversely with the transverse deformation of aponeurosis.
Previous studies have shown nonuniform distribution of longitudinal strain along the aponeurosis (13, 19, 21, 36, 39) . Recent studies confirmed this in humans by determining the distribution of the longitudinal strain along the aponeurosis by using a velocity encoded phase contrast MRI method (13, 19, 21) . Among these studies, Kinugasa et al. (19) mentioned that the positive strain (expansion) in the transverse direction of the aponeurosis was related to the negative strain (shortening) in the longitudinal direction. To date, however, the distribution of the transverse strain along the aponeurosis has not been determined, except for one study (25) that reported nonuniform transverse expansion along proximodistal direction of the central aponeurosis of human tibialis anterior muscle upon contraction.
The anatomical location of the tendinous structures as an interface between muscle fibers and bones, and their mechanical characteristics being deformed by the force applied to them, bring about diverse functions imposed on them: 1) to transmit contractile forces to bones, 2) to store and release elastic energy (2, 12, 18) , 3) to act as a mechanical buffer against sudden impulse to the MTU (16), and 4) to modulate through their compliance the length-force relationship of muscle fibers (22) . It is possible that the multiple-directional strain of the tendinous structures can affect these functions. For instance, previous studies have shown that the transverse expansion of elastic structures increases their stiffness and stress in the longitudinal direction (4, 6, 20) . To better understand the mechanical functions of the tendinous structures, in the present study we measured bidirectional deformation of the entire Achilles tendon by using MRI during contraction of the triceps surae muscles. We hypothesized that both the aponeurotic and extramuscular free tendinous components of the Achilles tendon deform bidirectionally, with the deformations in the longitudinal and transverse directions complementing each other. Implications of the findings are discussed in light of the above functions of the Achilles tendon.
MATERIALS AND METHODS
Subjects. Twelve healthy young adults (6 women and 6 men; means Ϯ SD for age, height, and mass were 26 Ϯ 4 yr, 167 Ϯ 9 cm, and 62 Ϯ 10 kg, respectively) voluntarily participated in this study as subjects. They were either sedentary or mildly to moderately active and had no orthopedic disorder in their right foot. The subjects were fully informed of the procedure as well as the purpose and possible risks of this study. Written informed consent was obtained from each subject. This study was approved by the institutional ethics committee and was consistent with their requirement for human experimentation in accordance with the Declaration of Helsinki.
Materials. The Achilles tendon was defined as the tendinous structures between the distal end of medial gastrocnemius muscle belly and the calcaneal tuber (8) . The tendinous structures were considered in terms of the aponeurotic component [the aponeurosis of soleus muscle that was fused with the aponeurosis of medial gastrocnemius muscle (ATapo) (8, 9, 32) ] and the extramuscular free tendinous component [the extramuscular free tendon of soleus muscle (ATten)].
Experimental protocol. Each subject lay in a supine position on the bed of a 1.5-T MR scanner (signa EXCITE, GE Medical Systems) with the knees fully extended and the right ankle (dominant side) firmly secured at an anatomically neutral position (the sole of the foot at 90°to the tibia) to a custom-made brace (VINE) by using nonelastic straps. The brace was made from all nonmagnetic materials and was specialized for the ankle to perform plantar-and dorsiflexions. The right lower leg of each subject was placed within a head coil of the scanner. A fiber Bragg grating sensor (custom-built optical strain gauge, Shinko electric wire) was attached to the foot plate of the brace for the measurement of minute deformation of the foot plate induced by an isometric plantar flexion. The strain data of the foot plate were recorded by a fiber Bragg grating sensor monitor (FB200, Yokogawa Electric) combined with an amplified spontaneous emission light source (ASE-1550 -25, FiberLabs) and were sampled in a personal computer (VGN-SZ80PS, Sony Marketing) at 100 Hz (Fig. 1) . The strain data of the foot plate were translated to plantar flexion torque according to calibration with 10 different weights put on the location of the foot plate corresponding to the metatarso-phalangeal joint of the foot. This calibration indicated a strong linear relationship between the plantar flexion torque calculated by the weights and strain data measured by the fiber Bragg grating sensor (r 2 ϭ 0.99). Following a warm-up session with submaximal contractions, each subject was requested to perform the maximal voluntary isometric contraction (MVC) of plantar flexion for 2ϳ3 s to determine target contraction levels. This procedure was repeated two or three times with at least 2 min of rest between trials, and the highest value was adopted as 100%MVC. After taking MR images at rest, each subject was requested to perform a sustained submaximal isometric plantar flexion at 30 and 60% of MVC, while oblique longitudinal and cross-sectional MR images were obtained (Figs. 3 and 4). The durations of scanning were 18 s (oblique longitudinal images) and 36 s (cross-sectional images). MR images while performing plantar flexion were acquired in two sets for the oblique longitudinal MR images (2 contraction levels) and 6ϳ10 times for the cross-sectional MR images (2 contraction levels ϫ 3ϳ5 scanning areas). A head-mounted display (MRvision 2000 with VisuaStim Digital's controller, Resonance Technology) was connected to the personal computer to present the strain values of the fiber Bragg grating sensor. The subjects were requested to sustain the prescribed force production level with a visual feedback of the strain of the foot plate during the measurement. To minimize fatigue, a rest period of ϳ2 min was provided between trials. The subjects were able to maintain the requested contraction levels during MR scanning. The decline of the plantar flexion torque between the initial and final part of the measurement was 1.1 Ϯ 2.0%MVC.
Image acquisition. A series of oblique longitudinal and crosssectional MR images of the lower leg were obtained with a proton density weighted fast recovery fast spin echo sequence [oblique longitudinal images (repetition time: 1,300 ms, echo time: 20 ms, echo Fig. 1 . Experimental setup. The subject lay in a supine position. Subject's right ankle was secured to a brace at the neutral position. A fiber Bragg grating sensor was connected to a personal computer, via fiber Bragg grating sensor monitor. A head-mounted monitor displayed the torque level during contraction for the subject to adjust the contraction level. Image analysis and data processing. The lengths of Achilles tendon were measured from the obtained series of oblique longitudinal images. From the MR images, the Achilles tendon was reconstructed by using an image-processing software (SliceOmatic, Tomovision). The lengths of ATapo were measured along the surface of the reconstructed Achilles tendon as the distance between the distal end of medial gastrocnemius muscle belly and the distal end of soleus muscle belly by using a data processing software (Rapidform 2006 Basis, INUS technology; Fig. 3) . Similarly, the lengths of ATten were measured as the distance between the distal end of soleus muscle belly and the calcaneal tuber. The length changes of each component were calculated by subtracting the length measured at rest from those measured at 30% and 60%MVC. Longitudinal strains were calculated by dividing the length change by the length measured at rest.
The widths of Achilles tendon were measured for the series of cross-sectional images between the distal end of medial gastrocnemius muscle belly and the distal end of calcaneal tuber by using a public domain software (Image J, National Institutes of Health). The measurement regions were selected every 10% of the length of ATapo (from 0 to 100%) and every 20% of the length of ATten (from 20 to 80%). The 0% region of ATapo and ATten were set at the distal end of soleus muscle belly. The width of the Achilles tendon was defined as the length of the curved line passing through the midpoint of the anterior and posterior surfaces of the Achilles tendon, from the medial to lateral edges (Fig. 4) . The width at the 100% region of the ATten (distal end) was not measured because the medial and lateral edges were not clearly visible. Similar to the calculation of longitudinal strain, the width measured at rest was defined as an initial width, and the width changes were converted to transverse strains by normalizing to the initial width.
The length and width of Achilles tendon at each contraction level were measured two times for all subjects from the same MR images by an experienced tester. The reproducibility was evaluated on the basis of a coefficient of variation (CV) and an intraclass correlation coefficient (ICC). The CV was Ͻ0.8% for the length of the Achilles tendon, and the CV was Ͻ3.9% for the width, respectively. The ICC was 0.999 for the length, and the ICC was 0.996 for the width, respectively. Furthermore, we estimated the influence of angle of orientation of the scanning plane to the vertical on the length measurement (n ϭ 3, at rest and 60%MVC). The lengths of each component in each condition were not statistically different between oblique and straight longitudinal planes (ATapo:
respectively).
Statistical analyses. Descriptive data are presented as means Ϯ SD. Two-way repeated measures analyses of variances with a Tukey's post hoc test were used to test the effect of components (ATapo and ATten) and contraction levels on the longitudinal strain (2 components ϫ 3 contraction levels) and on the transverse strain (15 measurement regions ϫ 3 contraction levels). For all tests, statistical significance was set at P Ͻ 0.05.
RESULTS
The average contraction levels during the oblique longitudinal MR image acquisition for 30% and 60%MVC tasks were 28 Ϯ 1 and 57 Ϯ 2%MVC, respectively. Corresponding values during the cross-sectional MR image acquisitions for 30%MVC and 60%MVC tasks were 29 Ϯ 1%MVC and 57 Ϯ 2%MVC, respectively. During an isometric plantar flexion, ankle joint angle inevitably changes into plantar flexion (26, 28) . In the present study, the ankle joint angles at 0%MVC (rest), 30%MVC, and 60%MVC were 93 Ϯ 2, 98 Ϯ 4, and 101 Ϯ 5°( greater values for more plantar flexion), respectively.
The mean length of ATapo at rest was 127.2 Ϯ 23.6 mm. The mean longitudinal strains of ATapo measured at both 30%MVC (1.1 Ϯ 1.2%) and 60%MVC (1.6 Ϯ 1.1%) were significantly greater than zero (P Ͻ 0.05), but the longitudinal strains were not significantly different between at 30%MVC and 60%MVC (Fig. 5) . The mean length of ATten at rest was 67.8 Ϯ 15.4 mm. The mean longitudinal strains of ATten measured at 30%MVC (2.1 Ϯ 1.2%) and 60%MVC (3.3 Ϯ 1.5%) were significantly greater than zero (P Ͻ 0.05), and the longitudinal strain was significantly greater at 60%MVC than at 30%MVC (P Ͻ 0.05; Fig. 5 ). The longitudinal strains of ATapo were statistically smaller than those of ATten at both 30%MVC and 60%MVC.
The widths of ATapo and ATten were variable depending on the measurement regions. The mean widths of ATapo at rest systematically decreased from proximal to distal regions (66.1 Ϯ 11.6 to 14.7 Ϯ 2.3 mm; Fig. 6 ). The mean transverse strains along ATapo at 30%MVC ranged from 8.0 Ϯ 9.4 to 11.4 Ϯ 6.4% and at 60%MVC from 8.5 Ϯ 10.6 to 13.9 Ϯ 11.0% (Fig. 6) . At all measurement regions except for the 60% of ATapo length, the aponeuroses were significantly expanded in the transverse direction at both 30%MVC and 60%MVC (P Ͻ 0.05) with no difference between the two conditions. There was no difference in the transverse strain among measurement regions within ATapo. The mean widths of ATten at rest were larger as the region shifted more distally from the muscle tendon junction of soleus to calcaneal tuber (12.9 Ϯ 1.7 to 27.5 Ϯ 3.6 mm; Fig. 6 ). The mean transverse strain along ATten ranged from Ϫ4.6 Ϯ 5.5% to 2.8 Ϯ 4.9% at 30%MVC and from Ϫ4.6 Ϯ 6.5% to 0.2 Ϯ 5.8% at 60%MVC (Fig. 6) . The ATten significantly narrowed transversely at 80% of the component length at both 30%MVC and 60%MVC (P Ͻ 0.05) with no difference between the two active conditions.
DISCUSSION
The major finding in this study is that ATapo deformed in both longitudinal and transverse directions on contraction, while ATten elongated longitudinally and narrowed transversely in the most distal region (Figs. 5 and 6) . ATapo deformed at 30%MVC with no further deformation in either direction at 60%MVC, while ATten was further elongated in the longitudinal direction at 60%MVC (Figs. 5 and 6 ). In addition, the transverse strain on contraction within ATapo was uniform at both 30%MVC and 60%MVC. These results disagree with the initial hypothesis. The ATapo is mainly composed of the superficial aponeurosis of soleus muscle. In agreement with previous reports (6, 25, 31, 34, 38) , bidirectional deformation of the aponeurosis was observed in the present study (Fig. 6) . Likely reasons for the bidirectional deformation are 1) muscle fibers increase their cross-sectional areas with shortening (7, 31, 34) , 2) fascicles of soleus muscle contract in multiple-directions because of the variable orientations of muscle fascicles (1, 35) , and 3) pennation angles of muscle fascicles vary within the muscle during contraction because the curvature of the muscle fascicles may change with increasing intramuscular pressure (25) . It is of interest that the magnitude of contraction-induced deformation in ATapo was larger in the transverse than in the longitudinal direction, which is also in line with the previous reports (6, 26, 38, 39) . This implies that the ATapo can be regarded as a rubber sheet-like structure rather than a simple linear spring, up to 30%MVC.
The contraction-induced deformation characteristics of ATten were quite different from those of ATapo. The longitudinal strain of ATten was significantly greater than that of ATapo (Fig. 5) . The origin of ATten, which is identical to the 0% position of ATapo (i.e., muscle tendon junction), expanded in the transverse direction, but other regions in the ATten did not expand, and the most distal region narrowed (Fig. 6) . These results suggest that the deformation of ATapo has only a minor influence on that of the ATten. On the basis of the longitudinal strain of ATten (3.3%) and the transverse strain (average of ATten: Ϫ2.1%) at 60%MVC, the Poisson's ratio (transverse/ longitudinal strains) of ATten is calculated to be 0.6. The Poisson's ratio of 0.5 means maintenance of a constant volume of a deforming object. It thus follows that ATten behaves essentially in an isovolumetric manner, like a rubber tube.
The magnitude of the transverse strain of human aponeuroses in vivo [5.0ϳ13.9%, present study; 8ϳ21% (25); 32% (31) ] is substantially greater than those of animals [8% (6) and 6.1% (38) ]. In addition, the magnitude of the transverse strain in humans differs among studies, depending on the MTUs examined [Achilles tendon, present study; central aponeurosis of the tibialis anterior muscle, (25, 31) ]. The width of ATapo (14.7ϳ69.8 mm) is larger than that of the central aponeurosis of the tibialis anterior muscle (8.7ϳ20.4 mm) (25) . However, the transverse strain of ATapo obtained here (Fig. 6) was smaller even at the region where the width is comparable with that of the central aponeurosis of the tibialis anterior muscle (25) . The muscle fibers are attached to only one side of the ATapo, whereas the central aponeurosis of tibialis anterior muscle has muscle fibers attached to both superficial and deep sides, which might be the cause of the heterogeneity of strain. Although not clear from these studies, muscle-specific fascicle architecture can be a source of the heterogeneity in aponeurosis strain. To clarify the effects of these factors, further study using three-dimensional analysis within the muscle is needed. Azizi and Roberts (6) reported that a wild turkey's lateral gastrocnemius muscle demonstrates the transverse strain of their aponeurosis reaching a plateau above 20% of elicited maximal isometric force. We demonstrated an identical result for the first time for the human aponeurosis. This implies that the ATapo become rigid above 30%MVC in both longitudinal and transverse directions (Figs. 5 and 6 ). Zuurbier et al. (39) speculated that the end of a muscle fiber in the collagen network of aponeurosis is locked during contraction. There is also a possibility that muscle fibers anchor the collagen fabric during contraction, thereby changing the material property of the aponeurosis (23, 27) . Our findings do not contradict these arguments.
Although the longitudinal strain of ATapo is much smaller than the reported values for the human aponeuroses (3ϳ7%; Refs. 3, 24, 28 -30) , it is comparable to the value reported by Magnusson et al. (27) who studied the same part of the triceps surae MTU. But the longitudinal strain of ATten in the present study is smaller than their report (27) . The present study measured the tendon length from MR image that encompassed the entire Achilles tendon to calculate the tendon elongation. Regarding the quantification of the magnitude of tendon elongation for humans in vivo, the previous studies cited above made estimations based on the displacement of one part of tendinous structures detected by ultrasonography. In addition, with this method it is impossible to directly measure the displacement of the tendon insertion (i.e., osteotendinous junction). Hence, there is a possibility that the longitudinal strain of tendinous structures determined in the previous studies was overestimated.
The longitudinal strain of ATten at 60%MVC was greater than that at 30%MVC, although the magnitude of increase was smaller compared with the difference between 0%MVC and 30%MVC (Fig. 5 ). This result is in accordance with the known load-deformation properties of the tendinous structures (10) . The discrepancy of deformation between ATapo and ATten suggests that the mechanical roles are different between the two components: the former is designed for transmitting contractile forces generated by muscle fibers to bone, and the latter plays a role in storage and release of elastic energy, at higher intensities than 30%MVC.
The present isometric plantar flexion is not purely an "isometric" contraction of MTU, because the triceps surae MTU shortened with proximal displacement of the insertion of MTU due to the unavoidable rotation of the ankle joint (26, 28) . The length change of the triceps surae MTU at 60%MVC, estimated from the displacement of calcaneal tuber in proximaldistal direction is 13.2 Ϯ 4.7 mm. As an additional experiment, we recruited 6 women and 6 men (age: 26 Ϯ 4 yr, height: 166 Ϯ 9 cm, mass: 61 Ϯ 10 kg) as subjects to test the influence of the MTU shortening on the longitudinal and transverse strains. The calcaneal tuber was displaced proximally by 13 mm by the passive plantar flexion of the ankle from the neutral position to match the amount of MTU shortening by contraction at 60%MVC. Neither the longitudinal nor transverse strain of ATapo was influenced by the shortening of the MTU (Fig. 7) . On the other hand, negative longitudinal strain was observed for ATten by passive MTU shortening, but the amount of it was much smaller than the positive strain by muscle contraction (Fig. 7) . Therefore, it is considered that the shortening of the triceps surae MTU by muscle contraction has little impact on the present findings.
Some studies (13, 21) reported that the distal region of soleus aponeurosis (i.e., ATapo) shortens while the middle region is elongated in the longitudinal direction during 20%MVC and 40%MVC of isometric plantar flexion. Regarding the aponeurosis of the medial gastrocnemius muscle, Kinugasa et al. (19) mentioned that the positive strain (expansion) in the transverse direction of an aponeurosis is related to the negative strain (shortening) in the longitudinal direction. However, the present results (Fig. 6) showed uniform transverse strain within ATapo. It is concluded therefore that the transverse strain does not necessarily correspond to the longitudinal strain within the ATapo. This suggests increases in the surface area of ATapo with increase in contraction in contrast to the iso-volumetric ATten.
The elastic energy stored when the applied load is increased is mostly but not completely returned when the load is decreased (5). Azizi et al. (5) demonstrated in vitro that the resilience (the efficiency of the return of the stored elastic energy) of a turkey's aponeurosis is 84% in the transverse direction. The present finding is limited to the ascending phase of the contraction level-strain relationship (i.e., load-deformation relationship) of the Achilles tendon. Small strain values of both ATapo and ATten, however, suggest that the resilience of these structures is small in the longitudinal direction. For the transverse direction, further study is needed to evaluate the amount of resilience in ATapo, but this will require a novel approach to determine the force applied to the aponeurosis, which is not possible in vivo even in animal studies. It should also be noted that the present findings might be limited to the experimental conditions adopted. Future studies are warranted to test the effect of joint positions (MTU lengths) and contraction intensities.
In summary, it was shown that the deformation characteristics of Achilles tendon during contraction differed between ATapo and ATten. ATten (extramuscular free tendon) elongated in the longitudinal direction while narrowing distally as a function of contractile intensity. On the other hand, ATapo (aponeurosis) deformed both longitudinally and transversely, reaching a plateau above 30%MVC. These results suggest region-specific roles of Achilles tendon for force transmission and elastic energy storage.
